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Abstract We describe the current status of solar mod- 
elling and focus on the problems originated with the 
introduction of solar abundance determinations with 
low CNO abundance values. We use models computed 
with solar abundance compilations obtained during the 
last decade, including the newest published abundances 

|, by Asplund and collaborators. Results presented here 
make focus both on helioseismic properties and the 

] models as well as in the neutrino fluxes predictions. 
We also discuss changes in radiative opacities to restore 

] agreement between helioseismology, solar models, and 
solar abundances and show the effect of such modifica- 
tions on solar neutrino fluxes. 

Keywords Sun: helioseismology - Sun: interior - Sun: 
abundances - neutrinos 



1 Introduction 

Solar models are a corner stone of stellar astro- 
physics. The determination of the solar interior struc- 
ture through helioseismology and, only a few years 
later, the discovery that neutrinos change flavor, gave 
spectacular confirmations of our ability to model the 
Sun and, by extension, of other stars. However, a series 
of works starting with a redeterm ination of the photo 



spher ic oxygen solar abundance (jAllende Prieto et al 



20011) and fi nishing with a comp lete revision of solar 
abundances ( Asplund et al. 20051 ). led to a strong re- 
duction in the overall metallicity of the Sun driven by 
much lower CNO and Ne abundances than previously 
determined. Soon after, solar models that adopted 
the new composition were shown to have an interior 
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structure at odds with helioseismology determinations. 
Since then, the so-called solar abundance problem has 
been in the spotli ght of solar (and stellar) as t rophy sics. 
As nicely put by iDelahave fc Pinsonneaultl (|2006l ). it 
represents the incompatibility between the best solar 
atmosphere and interior models available. 

The effects of the low metallicity in the solar in- 
terior has been widely discussed in the literature. 
Among many other refer ences, the reader c a n refe r 
to [i asu fc Ant i a (20ol: iTurck-Chieze et all liool: 



and 'Bahcall et al 



( 20061) . 



Montalbd-n et all (120041) -iBahcall et all (|2005bl) : lDelahave fc P 



(|200(j ) 

constrain the solar metallicity independ ently of photo- 



-^msonneai 



Some attempts to 



200fih: 


Lin et al. 


( 


2007 


) and 



(200 



The connection between solar neutrinos and compo- 
sition has also been disc u ssed in different works, e.g. 
Turck-Chieze et al .' ('2004'):'Bahcall fc Pinsonnea"uiti (l2004h :l 



Bahcall et al. 



, , ■ lioOSb. .2006.): Pefia-Garav fc Serenelli 
(2008[): iHaxton fc Serene'iir(|2008[) . Possible modifica- 
tions in the physical inputs of solar models have also 
been discussed in connection to the solar abundance 
proble m . The reader can refer to [Montalban et al 



2004 ): iGuzik et al 



2000 1: ICastro et al 



2005 ): IDelahave fc Pinsonneault 



20071 ) just to mention some rele- 



vant works. 

In this article, we present a short review of the field 
and present new solar models that incor porate the most 



recent solar abundance determination bv lAsplund et al 
( 2OO9I ) . In § [2] we describe the main characteristics of 



the models used to obtain the core results presented 
here, including the different options for solar composi- 
tions we used. Results are presented in §[3] where helio- 
seismology properties of the models and solar neutrino 
fluxes are discussed in the context of current observa- 
tional and experimental data. In § U] we go to some 
length in discussing radiative opacities as a possible so- 
lution to the abundance problem, including the effects 



2 



of opacities in solar neutrino fluxes. We summarize in ^^j^j^ ^ Adopted solar chemical compositions. 



2 Solar Models 

Over the years, standard solar models have played a 
fundamental role in the development of stellar astro- 
physics as well as in the 

Most of the results presented here refer to solar 
models co mputed with the GAR STEC stellar evolu- 
tion code ( Weiss fc Schlattl 20081) with modifications. 
Some of the differences are: the nuclear energy gen- 
eration routine is exportenergy.^ radi ative opacities 



are t hose from the Opacity Project (jBadnell et al 



2005) 


complemented 


from 


Fereuson et al.1 



the equation of state (EOS) is the revised version of 
OPAli. 

As it is usual practice in solar models, a 1 Mq 
stellar model is evolved from the pre-main sequence 
(or zero age main sequence) up to the solar system 
ag e (which we take to be TQ—A.b7 Gyr; see appendix 



in iBahcall et al.l 119951 ) . The solar model is forced to 
match the present day solar radius R© and luminos- 
ity Lq and here we adopt the values 6.9598 x 10^° cm 
3.8418 X 10'^^ erg respectively. The third condition 
for solar models is to match the present-day metal to 
hydrogen fraction {Z/X)^^^ in the solar photosphere. 
The models presented here have been computed for 
three different basic sets of solar abundances as follows: 



GS98: abundances from Grevesse &: Sauval ( 19981 ) 
where meteoritic abundances for refractories are 
adopted and (Z/X)^^ = 0.0229, 
AGS 05: meteoritic (for refractories) abundances 
from lAsplund et al.l (|2005l ) give {Z/X)^i^ = 0.0165, 
AGSS09: meteoritic (for refractories) abundances 
from the most recent determi nation of solar abun- 
dances bv lAsplund et all (|2009t ) for which iZ/X)^^^ = 
0.0178. One additional model, AGSS09ph, has been 
computed with the photospheric abundances from 



AsDlund et all l|2009h for which {Z/X)^^^ = 0.0181 



In the new deter mination of solar abundances by 
Asplund et"al](|2009t ). the difference between meteoritic 
and photospheric abundances is 0.00 ± 0.04 dex. While 
this agreement is of unprecedented quality, some ele- 
ments relevant to detailed solar modelling show larger 
deviations. This is particularly the case for Mg, Ca, 
and Fe for which differences are 0.07, 0.05 and 0.05 dex 

1 Publicly available at |http:7/www.sns.ias.edu/~jnb| 
2http://adg.llnl.gov/Research/OPAL/EOS.2005/ 



loge 



Elem 


GS98 


AGS05'' 


AGSS09'' 


AGSS09ph'' 


c 


8.52 


8.39 


8.43 


8.43 


N 


7.92 


7.78 


7.83 


7.83 


o 


8.83 


8.66 


8.69 


8.69 


Ne 


8.08 


7.84 


7.93 


7.93 


Na 


6.32 


6.27 


6.27 


6.24 


Mg 


7.58 


7.53 


7.53 


7.60 


Al 


6.49 


6.43 


6.43 


6.45 


Si 


7.56 


7.51 


7.51 


7.51 


S 


7.20 


7.16 


7.15 


7.12 


Ar 


6.40 


6.18 


6.40 


6.40 


Ca 


6.35 


6.29 


6.29 


6.34 


Cr 


5.69 


5.63 


5.64 


5.64 


Mn 


5.53 


5.47 


5.48 


5.43 


Fe 


7.50 


7.45 


7.45 


7.50 


Ni 


6.25 


6.19 


6.20 


6.22 



"The adopted abundances are the recommended solar photo- 
spheric abundances for the volatile elements (C, N, O, Ne and 
Ar) and the CI chondritic meteoritic values for the remaining 
elements. 

''The adopted abundances are the recommended solar photo- 
spheric abundances throughout. 

Note: Abudances given as loge^ = log Ni/Nu + 12. 



with the photospheric values being larger in all cases. 
To understand the effects of these differences in the 
structure of the solar interior we have computed two 
solar models with AGSS09 composition, one with me- 
teoritic and the other with photospheric abundances. 
In Table [T] the relative number fractions of all relevant 
metals are given for all sets of solar abundances used in 
the models discussed in this work. 



3 Results 

In what follows, we discuss the most relevant results 
related to the interior structure of the Sun for the four 
solar models described in the previous section. Qualita- 
tively, there is a clear difference in the results from the 
GS98 model compared to the others that use a much 
lower value for {Z/X)^^^, i.e. AGS05 and AGSS09 mod- 
els. This dichotomy has been widely discussed in the lit- 
eratu re in connection to rnodels usi ng solar abundances 



from Grevesse fc Noels ( 19931 ) 



or 
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i) 



Grevesse fc Sauva" 
( 19981 ) on one hand and the lAsplund et a l. (20(3, 
solar c omposition on the o ther ( Bahcall et al. 2004 , 
120051^, 'Basu fc Antia' l2004t iTurck-Chieze et all 12004 : 
Montalban et al. 2004). Presentation of results is di- 
vided in two sections, the first one comprising general 
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Table 2 Main characteristics of solar models. 





GS98 


AGS05 


AGSS09 


AGSS09ph 


Zs 


0.0170 


0.0126 


0.0134 


0.0136 


Yb 


0.2423 


0.2292 


0.2314 


0.2349 


Rcz/Rq 


0.713 


0.728 


0.724 


0.722 


(6c/c) 


0.0010 


0.0049 


0.0038 


0.0031 


{5p/p) 


0.011 


0.048 


0.040 


0.033 




0.6330 


0.6195 


0.6220 


0.6263 




0.0201 


0.0149 


0.0160 


0.0161 


^ni 


0.2721 


0.2593 


0.2617 


0.2653 




0.0187 


0.0139 


0.0149 


0.0151 


Qmlt 


2.15 


2.10 


2.09 


2.12 



results on solar structure and inferences from hclioseis- 
mology, while the second one is devoted to discussion of 
solar neutrinos and, briefly, a possible connection with 
the solar abundance problem. 

3.1 Helioseismology 

In Table [H we summarize the most relevant character- 
istics of the solar models used in this work. The first 
row gives the surface metal mass fraction Zg . The next 
four rows give quantities that can be directly tested 
against helioseismology determinations of solar proper- 
ties: surface helium mass fraction Ig, depth of the con- 
vective envelope Rcz/Rq, and average rms relative dif- 
ferences of the sound speed and density profiles {5c/ c) 
and (Sp/p) respectively. Yc and Zc are the present day 
central mass fractions of helium and metals and the 
last three rows give the initial composition and mix- 
ing length parameter, i.e. the free parameters used to 
construct an SSM. 

Results for the GS98 and AGS05 models are very 
similar to those already discussed in the literature (see 
references above). The updated EOS and some changes 
in the nuclear cross sections of a few reactions have very 
little impact on the global properties of the models. We 
describe them here only briefl y. From helioseismo logy, 
we know Ys = 0.2485±0.00 35 (iBasu fc Antiall2004l) and 
i?cz/R0 = 0.713 ± 0.001 teas u fc Antialll997h . The 
GS98 model predicts the right location of the bound- 
ary of the convective envelope and a value of the surface 
helium mass fraction in agreement with helioseismol- 
ogy to about 1.8— cr. On the other hand, the AGS05 
model performance is much worse, giving a 15— cr dis- 
crepancy for i?cz/R0 and 5.5-a for Yq. Here we note 
that o nly uncertaint i es from helioseismology are consid- 
ered. Bahcall et al.l ( 2006 ) have estimated by a series 
of MonteCarlo simulations the modelling uncertainties 
for i?cz/R-0 to be approximately 0.0037 and for Fs, 
coincidentally, 0.0037 as well. 



mined by the same group lAsplund et al.l boosh (see 
Table [I]). Changes between 0.03 and 0.05 dex in CNO 
abundances are small and, together with the 0.09 dex 
change in Ne, are not able to restore the agreement be- 
tween solar models and helioseismology. Although the 
disagreement is less severe now, 5— cr and 11— cr for Yq 
and i?cz/R.0 respectively, it is very large compared to 
resul t s of solar models with older (jGrevesse fc Sauval 
19981 : iGrevesse fc Noelsl 119931 ) solar abundances. This 



is also evident when considering the sound speed and 
density profiles that are shown in Figure [TJ The AGS05 
and AGSS09 models give {5c/ c) that are 5 and 4 times 
worse than the GS98 model respectively. The peak of 
the discrepancy in the sound speed profiles is 0.3% for 
the GS98 model, 1.2% for AGS05 and 1% for AGSS09. 
Analogous results are found for the density profiles. In 
this case, however, the larger discrepancies seen in the 
convective envelopes are associated with the fact that 
density inversions include the constraint that the so- 
lar mass is known and, consequently, small differences 
in density in the innermost region, at high densities, 
have to be compensated by larger fractional changes 
in the outer much less dense. Both in Table [2] and in 
Figure [U it can be seen that the model AGSS09ph, 
that uses only photospheric abundances performs bet- 
ter than AGSS09. The reason can be found mostly 
in the increased values of Mg and Fe, by 0.07 and 
0.05 dex respectively, in the photospheric abundances, 
and not in the overall change in solar metallicity. For 
example, Mg contributes to the radiative opacity right 
the convective envelope and careful examination of top 
panel in Figure [T] shows that the sound speed profile 
of AGSS09ph shows the largest improvement with re- 
spect to AGSS09 in the region around 0.6 R©. The 
effect of the increased Fe abundance can be indirectly 
appreciated by the initial and surface helium content 
of the AGSS09ph model compared to AGSS09. This 
change results from the relevance of Fe in the opacity 
in the central regions and thus in the central most tem- 
perature gradient, which ultimately affects the initial 
composition of the model by the condition of fixed solar 
luminosity imposed on standard solar models. 

Despite the better performance of the AGSS09ph 
model, we consider meteoritic abundances as given in 
Table [T] our preferred choice. The arguments are that 
historically, whenever there has been significant dif- 
ferences between photospheric and meteoritic abun- 
dances for refractory elements, the problem laid in 
the photospheric determinations. Also, the excellent 
overall agreement b etween the two scales found by 
Asplund et all (|2009f l. and the lack of accurate atomic 



Th e new solar abundances as determined bv lAsplund et 
( 2009f ) are slightly higher than those previously deter- 



data for certain elements, e.g. for Mg, and the impos- 
^^!^lity of having a homogeneous method of determina- 
tion of photospheric abundances for all elements 



see 
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Fig. 1 Panel a: relative sound speed difference in the sense 
(Sun - Model)/Model between the solar sound speed pro- 
fiie as obtained from helioseismology inversions and model 
sound speed profiles. Panel b: same but for density profiles. 
Vertical dotted line in both panels denotes the location of 
the bottom of the convective envelope as inferred from he- 
lioseismology 



discussions in lAsplund et al.ll2009l for details) favor in 
our view meteoritic abundances as a more secure and 
robust option. Hence, our choice. 

Another interesting possibility that global helioseis- 
mology offers is to probe the solar core by means of 
low-degree {£ < 3) modes that penetrate to the deep- 
est so lar regions. In particular. [Roxburgh fc Vorontsov 
( 20031 ) have shown that low-£ mode frequencies can be 
used to form the so-called separation ratios rQ2{n) = 
{vn.o - i^n-i,2)/(;^n,i - i^n-i.i) and ri3(n) = {Vn,l - 
/ {vnfi — t'ra-i^o), which are insensitive to the ex- 
ternal characteristics of the models. Separation ratios 
constructed wit h very long time s eries of BiSON data 
have been used (jBasu et al.l 120071 : IChaphn et al.ll2007l l 
to show that discrepant results between solar structure 
inferred from helioseismology and solar models with the 
AGS05 composition are not restricted to the outer re- 
gions of the Sun (where simplified treatments of con- 
vection by using Mixing Length Theory or similar ap- 



Fig. 2 Separation ratios. Comparison between values de- 
termined from BiSON data and the solar models presented 
in this work. Panel a: ro2 ratios; panel b: ria ratios 



proaches could in principle be thought of as the cul- 
prits of problems in solar modelling) and extend all 
the way to the core. In Figure [2] we compare the sep- 
aration ratios from our models with those ratios de- 



rived by iBasu et all (|2007f l from 4752 days of BiSON 
data. Results are shown for the GS98, AGS05, and 
AGSS09 models and ratios have been connected with 
lines to help the eye. We omit results from AGSS09ph 
model as they practically overlap with t hose of the 
AGSS09 model. As already discussed in iBasu et al 



( 20071 ) and later in lChaphn et al.l (120071). mode ls with 
higher metaUicity, e.g. from lGrevesse fc Sauval (|l998l) . 
give goo d agreement wi t h heh oseismology while those 
using the lAsplund et al.l (j2005l ) composition grossly dis- 
agree. In this regard, the new A GSS09 model w i th the 
updated solar abundances from lAsplund et al.l (|2009l ) 



does not show any improvements with respect to the 
AGS05 composition. 

Related to the s eparation ratios, it is interes ting to 
note a recent work (| Christensen-Dalsgaar dll2009l) where 
the high sensitivity of the separation ratios and the 
small separation frequencies (numerators in the def- 
inition of separation ratios) to the properties of the 
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solar core, particularly to the molecular weight pro- 
file, has been used to date the Sun. Interestingly 
enough, comparison of the time evolution of the sep- 
aration r atios and small separation frequen cies in the 
S m odel ( Christensen-Dalsgaard et al. 1996f l that uses 
the iGrevesse fc Noeld (Il993h " composition shows the 
best agreement with the observed quantities at an age 
in excellent agreement with the solar system age as 
determined from m eteoritic samples (see appendix in 



Bahcall et al.lll995f ). On the other hand, a solar model 
with the AGS05 shows the best agreement with data 
(which is, nevertheless, much worse than that obtained 
with the S model) at an age between 4.8 and 4.9 Gyr. 

3.2 Solar Neutrinos 

For many years, solar neutrinos received a great deal of 
attention due to the solar neutrino problem. With the 
definite establishment of the oscillatory nature of neu- 
trinos, the center of attention for studying solar neu- 
trinos has shifted towards the original goal defined in 
the early 1960s: to use neutrinos as a direct probe of 
how stars shine and of the properties of the solar core. 
Currently, two solar neutrino fluxes have been mea- 
sured directly: the SNO collaboration has determined 
directly and with very good precision the *B flux, an 
excellent thermometer of the solar core. More recently, 
this flux has also been determined by the Borexino col- 
laboration. More importantly, however, Borexino has 
been able to determine the ''Be directly and has already 
achieved a 10% accuracy (with 3% as the current goal 
of the collaboration). 

In Table [3] the neutrino fluxes predicted by the mod- 
els used in this work are g i ven. Results for models 



with t he iGrevesse fc Sauvall (|1998I ) and lAsplund et al 



compositions have already been d iscussed in 



the literature, e.g. Bahcall et al. ( 2005bf ). We re- 



sort here to a qualitative discussion of the differences. 
The central temperature in the GS98 model is about 
1.2% higher than in the AGS05 model and this ac- 
counts for the difference (^ 20%) in the highly sensitive 
(oc {T/Taf^-'^^) ^B ffux and also for the reduction in 
the '^Be flux (- 10%) in the AGS05 model. Since solar 
models assume a fixed solar luminosity, the reduction 
in nuclear energy released by the ppll chain is compen- 
sated by a slight increase in the rate of ppl chain and 
the pp and pep fluxes are slightly increased. 

Larger fractional changes are found for the three 
fluxes associated with the CNO bi-cycle. We focus on 
the ^"^N and ^^O fluxes for which possibilities of direct 
detection exist in the (relatively) near future with on- 
going efforts by Borexino but mainly with SuperK and 
SNO-I- experiments. These two fluxes have high sensi- 
tive to temperature but are mostly suppressed because 



their rate is directly proportional to the summed abun- 
dance of C and N th at is reduced by (~ 30%) in the 
Asplund et al. I (|2005h composition. 



Table 3 Predicted neutrino fluxes. 



Flux'' 


GS98 


AGS05 


AGSS09 


AGSS09ph 


PP 


5.97 


6.04 


6.03 


6.01 


pep 


1.41 


1.44 


1.44 


1.43 


hep 


7.91 


8.24 


8.18 


8.10 


^Be 


5.08 


4.54 


4.64 


4.79 


«B 


5.88 


4.66 


4.85 


5.22 


13n 


2.82 


1.85 


2.07 


2.15 




2.09 


1.29 


1.47 


1.55 


17p 


5.65 


3.14 


3.48 


3.70 



"Neutrino fluxes are given in units of 10^''(pp), lO^C'^Be), 
10*(pep, i^N, iSQ), 10''(*B, i^'F) and 103(hep) cm-^ s'^ . 



With the new Asplund et al. ( 2009f l abundances, 
neutrino fluxes are very similar to those from the 
AGS05 model. In particular, for our preferred me- 
teoritic scale, the only important differences between 
these two sets of abundances are the moderate in- 
crease in CNO values that directly affect CNO neutrino 
fluxes and the 0.09 dex increase in Ne and the large 
(0.22 dex) increase in Ar. The last two elements have 
some influence on the central temperature of the mod- 
els and are responsible for the differences in ^B and 
^Be fiuxes between AGS05 and AGSS09 models. Fi- 
nally, as in the previous section, we also present results 
for the AGSS09ph model. It is interesting because it 
illustrates how not only the overall metallicity of the 
model is important, but how relative abundances of 
elements matter as well. In particular, the larger Fe 
abundance in the photospheric abundances account for 
most of the difference between the fluxes predicted for 
this model with respect to the AGSS09 model. The 
interested reader in ho w individual elements affect neu- 
trino fluxes can refer to 'Bahca ll fc Serenellil (|2005|l and 
.Peiia-Garav fc SereneUi t2008,). 

The most relevant results for solar neutrinos are sum- 
marized in Figure [31 The top panel shows the *B 
and ^Bc fluxes from the models and the experimen- 
tal results from SNO (^B) and Borexino (^Be). In 
the case of SNO results, because we still lack a joint 
analysis of the three different phases, we use the value 
$(^5) ^ 5.18 ± 0.29 X 10^ cm-2 for the flux, 



a we i ghed average of the t h ree p hases (|Ahmad et al 
booi lAharmim et all [20051 l2008l ) . In the case of 



Borexino, the measured flux after only 192 days of 
data taking is ^ (J Be) = 5.18 ± 0.51 x 10^ cm^^ s"! 



Arpesella et al.l (|2008l ) . Model uncertainties for th e 



fluxes are taken from Pefia-Garav fc Serenelli ( 20081) 



6 




5.0 5.5 6.0 

'B [10° cm-2 s-1] 



: b 


1 1 ■ 1 ■ ■ 


1 1 ■ ■ 1 1 ■ ■ 1 ■ 1 1 1 ■ ■ ^ 












GS98 : 
AG.SS09 : 






AGSS09ph - 

AGS05 : 




. 1 . . . . 





5.0 5.5 6.0 

"B [10° cm-2 s-1] 



Fig. 3 Solar neutrino fluxes. Panel a shows the fluxes 
determined directly from experiments: '^Be and *B. Cur- 
rent measurements from Borexino ('^Be) and the average 
from the three phases of SNO (8B) are shown with corre- 
sponding error bars at 1 — cr level. Panel b shows the added 
contributions of the ^'^N and 150 fluxes against the **B flux. 
The shaded area represents the SNO measurement for the 
*B including 1 — cr uncertainties 



As discussed in that work, current neutrino measure- 
ments slightly favor results of models with GS98 abun- 
dances over those with AGS05 (or AGSS09). We note, 
however, that the GS98 and the AGSS09ph model 
are at the same level of agreement with helioseismol- 
ogy: GS98 predicts exactly the measured value for ^Be 
and differs from the SNO value for ®B by 1— cr (com- 
bined model and experimental uncertainties). For the 
AGSS09ph model, the situation is exactly opposite. 

In the bottom panel of Figure [H we show the added 
^^N and ^^O fluxes against the flux. Models of differ- 
ent composition (AGSS09 or GS98) can be more easily 
distinguished using CNO fluxes as illustrated in this fig- 
ure. It should be kept in mind, however, that current 
model uncertainties seem to prevent any possibility of 
a 2— cr or better result. Discussion on main sources of 
uncertainties a nd how the situation can be im proved 
can be found in Pena-Garay fc Serenelli ( 2008h . 



4 Who is the culprit? 

Since revisions of solar CNO pho tospheric abundance s 
were strongly revised downwards ( Asplund et ahllioosh . 
attempts have been made to obtain independent deter- 
minations of, or a t least to impose constraints on, the 

solar c omposition (IBasu fc Anti all2004l : iDelahave fc Pinsonneaulta 



200d IChaphn et all l2007l ). There has also been a 
number of works devoted to analize what changes in 
the input physics of the models would allow to con- 
struct solar models with low metallicity that are con- 
sistent with helioseismology measurements. We men- 
tion, but do not discuss, some of the proposed changes 
are: changes in co mposition, e.g. large enhancement 



of neon abundances ( Antia fc Basul 20051 : Bahcall et al 



micro- 



2005HDelahave fc Pinso nneault"2006V enhanced 
scopic diffusion Jsasu fc Antia .2004: Montalban et al 
20041: iGuzik et al .Il2005h accretion of meta -poor ma- 



terial ( Guzik et al 



20051 : ICastro et al.ll2007f ). The vi 



ability of these ch anges and othe rs has been reviewed 
at some length by iGuzik I (|2008r ) and we refer the in- 
terested reader to that reference for details. The short 
summary is that none of the proposed changes can, by 
itself, offer a solution to the conundrum originated by 
the low CNO and Ne abundances presented by Asplund 
and collaborators. One is left with the unpleasant op- 
tion of combining different effects to improve the helio- 
seismology properties of the low-Z models, and/or to 
fine tune the necessary changes in the models. 

Here, we consider in certain amount of detail the 
effect of new abundances in the opacitie s. This has cer- 



tainly considered before in the light of I Asplund et al.l 
( 2OO5I) abundances by a nuniber of authors dMontalbaii et alM 
2004t lAntia fc Basul l2005t iBahcall et al.ll2004l. l2005[l . 



More recently, Christensen-Dalsgaard et al. ( 2009lh has 
considered this issue by comparing the opacity differ- 
ence between Mo del S and a so l ar mo del with solar 
composition from I Asplund et al.l (j2005f ) . The authors 



find differences in opacities of the order of 30% at the 
bottom of the convective envelope that smoothly de- 
crease towards the center, where 5% differences are 
found. Here, we have followed a very similar line of ar- 
gument but considered our GS98 model as the reference 
model and, in addition to the AGS05 model, considered 
those constructed with the two flavors of the new solar 
abundances, our AGSS09 and AGSS09ph models. 

The main results are shown in Figure [4] where 
we present the relative differences in opacities be- 
tween the low-Z models and the GS98 model. For 
the new AGSS09 model, differences are of the or- 
der of 15%, i.e. a factor of 2 smaller that those 



found bv IChristensen-Dalsgaard et al.l (|2009f ). close to 
the base of the convective zone. Somewhat smaller 
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0.4 

R/E. 



Fig. 4 Relative opacity deficit of low metallicity solar 
models relative to the GS98 model as a function of radius. 
Dashed line shows the correction applied to the AGSS09 
opacities in the AGSS09+OPAC model (see text). Verti- 
cal dotted line denotes the location of the bottom of the 
convective envelope 



values result in the same region for the AGSSOQph 
model due to the larger Mg photospheric abundance. 
Close to the center, the opacity in the AGSS09 
model is about 5% lower than in GS98 ( similar re- 
while the 



suit as in IChristensen-Dalsgaard et al.ll200! 
AGSSOQph has a deficit of only 2% due to its enhanced 
Fe abundance. We do not open judgement here as 
whether these differences are comparable or not to 
uncertainties in current opacity calculations. In this 
regard, we do recall the reader that in the radiative 
solar interior, differences between OPAL and Opacity 
Project opacities do not rise above 2.5%, quite below to 
what is needed to restore the agreement between solar 
models with low-Z and helioseismology. 

In closing this discussion, we present results of a 
solar model, AGSS09-I-OPAC, with the same composi- 
tion as used in the AGSS09 where opacities have been 
increased by the fractional a mount shown in the black 
dashe d line shown in FigureHl Ichristensen-Dalsgaard et 
showed that models where the opacity is in- 
creased to compensate changes induced by the modified 
composition reproduce all helioseismic properties of the 
reference model. In this respect, our results are in the 
same line; the model with increased opacity performs 
equally well than the GS98 model in terms of helioseis- 
mic quantities. In Figure[5]we show for GS98, AGSS09, 
and AGSS09+OPAC models the results for solar neu- 
trino fluxes. In the top panel it is shown that the ^Be 
and fluxes, affected by the solar composition mostly 
through its effect on opacities, of the AGSS09-I-OPAC 
model are very similar to those from the reference GS98 
model. There is a degeneracy in these fluxes between 
the solar composition and the opacities. Based on this. 



3 5.0 
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Fig. 5 Same as Fig. [3]for the standard AGSS09 and GS98 
models and a model with AGSS09 composition but the opac- 
ity increased as described in the text 



one should be careful when comparing neutrino fluxes 
from models (with wrong helioseismic properties, as it 
is the case for AGSS09) with experimental determina- 
tions: fixing helioseismic properties, e.g. by changing 
opacities, will likely affect neutrino predictions. On the 
other hand, in the lower panel, the added ^^N and ^^O 
fluxes could in principle be used to determine the solar 
core metallicity (more exactly, the total C-l-N abun- 
ahJlance). In view of this, we point out the importance 
of current and future efforts to measure neutrino fluxes 
coming from CNO reactions. 



5 Summary 

We have attempted, in this incomplete review, to de- 
scribe the current status of the solar abundance prob- 
lem that originated with new determinations of solar 
photospheric abundances from Asplund and collabo- 
rators. Results discussed here are based on models 



computed with b oth the original (lAsplund et al.ll2005[ ) 
and the newest ( Asplund et al. 2009f l solar composi- 
tions. Our reference for a good solar model is based on 
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the iGrevesse fc Sauv al (1998) composit ion. The most 



impo rtant result is that with the new (jAsplund et al 



20091) abundances, the quahtative picture that emerged 



a few years ago, i.e. that low-Z solar models are in 
gross disagreement with helioseismology, remains the 
same. Quantitatively, the disagreement is less severe 
because the new abundances have slightly higher CNO 
abundances and a somewhat larger Ne abundance. The 
changes, however, do not help much neither in restoring 
the agreement with helioseismology nor in facilitating 
the way for alternative solutions in the form of modi- 
fied input physics for solar models. We have described 
with some detail the effect of the new composition in 
opacities and the required change to recover good helio- 
seismic properties. Changes of order 15% are needed, 
which are still much higher than currently estimated 
uncertainties in radiative opacities for the solar inte- 
rior. In addition to helioseismic properties of the mod- 
els, we have discussed the effects of the composition 
on the predicted neutrino fluxes and compared, when 
possible, with results from solar neutrino experiments. 
Additionally, we have tried to encourage efforts to ex- 
perimentally determine neutrino fluxes from CNO bicy- 
cle, since these are the most sensitive fluxes to changes 
in abundances of CNO elements, thus offering the best 
chances for neutrinos to put direct constraints on the 
solar core composition. 
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